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Description 
PATTERN GENERATING SYSTEMS 

Background of Invention 

[0001] (1) Field of the Invention 

[0002] The present invention relates to systems for generating 

high-resolution optical patterns. In particular, the present 
invention relates to systems that incorporate Zone Plate 
Modulators or array of Zone Plate Modulators for generat- 
ing high-resolution patterns. 

[0003] (2) Brief Description of Prior Art 

[0004] Optical pattern or image generating systems are widely 

used in many industries. For example, in the semiconduc- 
tor industry high-resolution lithographic systems are used 
for fabricating photomasks and for direct exposing pho- 
toresist coated wafers (maskless lithography). In commer- 
cial printing press, high-resolution printing systems are 
used for generating offset plates. In the rapid prototyping 
industry, high-resolution stereolithography or three- 
dimensional (3-D) lithography is employed for making 



various 3-D objects. High-resolution, large area projec- 
tion displays are also becoming the choice for technical 
presentations and for home entertainment. In recent 
years, various techniques have been developed to meet 
the growing demands for both achieving higher image 
resolutions and increasing the throughput of image gen- 
erations. For example, multiple scanning laser beams are 
used by both Applied Materials Inc., CA, USA, and Mi- 
cronic Laser Systems AB, Sweden, to improve the through- 
put of their photomask fabrication systems. The most re- 
cent advancement in this field is the proposed high-speed 
high-resolution pattern generating systems employing 
spot array generators. 
[0005] In general, a spot array generator is capable of generating 
an image or a pattern having a large field of view and 
maintaining a high-resolution at the same time by using a 
massive amount (for example, one million) of light spots 
and by modulating the intensities of these light spots si- 
multaneously. As the design data are fed to the spot array 
generator, the intensities of individual light spots are 
modulated accordingly. In combination with a scanning 
stage, a complete large-field high-resolution optical pat- 
tern can be generated very quickly. 



[0006] Shown in FIG. 1 is an illustrative schematic of a conven- 
tional high-resolution pattern generating system 100 in- 
corporating a spot array generator 128. A collimated light 
beam 102 is generated by a light source 104 and a colli- 
mating lens 106. The collimated light beam 102 is trans- 
formed into an array of beamlets 108 by a spatial light 
modulator (SLM) 110. The beamlets 108 in turn are fo- 
cused down to an array of light spots 112 (often referred 
to as a spot array) on the focal plane 116 of a microlens 
array 114. Finally, the light spots 112 are projected on to 
an imaging surface 118 by a first imaging lens 120. The 
imaging surface 118 may include a layer of photoresist 
such as would be required in maskless photolithography, 
or a layer of photoconductive material such as would be 
required in optical printing. The imaging surface 118 can 
also be a projection screen as would be required for a 
projection display application. 

[0007] Usually, the light spots 112 in a spot array are separated 
by spaces. To form a complete pattern or image, the 
spaces between the light spots 112 in the spot array are 
filled in with pattern data by scanning the imaging surface 
118. The scanning motion is synchronized with the pat- 
tern data fed to the spatial light modulator 110 by a com- 



puter system 122. Additional components such as a sec- 
ond imaging lens 124 or an aperture/aperture array 126 
may be needed in certain configurations in order to prop- 
erly align the SLM 110 with the microlens array 114, and 
to reduce cross talks between light spots. A spot array 
generator 128 in conventional art usually includes the 
spatial light modulator 110, the second imaging lens 124, 
the aperture array 126, and the microlens array 114. 

[0008] Conventional spot array generators rely on a complicated 
arrangement of a number of discrete components includ- 
ing a microlens array, a spatial light modulator, imaging 
lens systems and possibly apertures or aperture arrays, 
where the microlens array can be either diffractive or re- 
fractive. Precision alignment between these components is 
critical in order for the system to function properly. Due 
to the discrete nature of the critical components used in 
the conventional art, these high-resolution pattern gener- 
ating systems all suffer from the problems of being bulky, 
being susceptible to environmental influences such as 
temperature change and mechanical vibrations, and hav- 
ing higher system costs. 

[0009] There are many other problems that relate to the specific 
system designs. Kenneth C.Johnson (U.S. Pat. No. 



6,133,986, filed on February 20 1997, issued on October 
17, 2000) proposed a masl<less microlens lithograpliy 
system, aversion of liigli-resolution pattern generating 
system tliat incorporates a refractive microlens array. 
However, refractive microlens arrays are the miniature 
version of 3-D lenses. Larger arrays of microlenses in- 
cluding, for example, one million of lenslets, and having 
uniform lens properties are very difficult and expensive to 
fabricate, and are not suited for large-scale manufactur- 
ing. 

[0010] Henry Smith (U.S. Pat. No. 5,900,637, filed on May 30, 

1997, issued on May 4, 1999) proposed a maskless litho- 
graphic system that used an array of static Fresnel zone 
plates as the microlens array. However, the operating 
speed of this type of high-resolution pattern generating 
system is limited by the SLM. A demonstration system 
(Ihsan Djomehri, et al., J. Vac. Set Technol. B(16), 
p3426(1998)) used a combination of an array of zone 
plates and a Digital Light Processor (DLP)™, a version of 
digital micromirror SLM array made by Texas Instrument, 
Texas. The performance was limited by the relative slow 
response time of the DLP. 

[0011] Later, another demonstration system (Dario Gil, et al., J. 



Vac. Sci. Technol. B(20), p2 597(2002)) showed an improved 
response time by replacing tlie DLP witli a Grating Liglit 
Valve (GLV) array (Silicon Light Machines, CA) as the SLM 
to modulate the beamlets at each zone plate lens. How- 
ever, this type of spot array generators is not suited for 
directly generating two-dimensional (2-D) images due to 
the fact that the GLV is essentially an one-dimensional 
(1-D) linear SLM and can not be configured into a high- 
density 2-D array. To form a 2-D pattern, precision me- 
chanical scanning in the direction normal to the linear ar- 
ray across the whole field of the image has to be used, as 
the system proposed by U.S. Pat. No. 5,982,553, filed on 
March 20, 1997, issued on November 9, 1999. 
[0012] The MAPPER design by Mapper Lithography B. V., Nether- 
lands (PCT Pub. No. WO03/079116, filed on March 19, 
2003, published on September 25, 2003) used a combi- 
nation of a refractive microlens array and a switched opti- 
cal fiber bundle. This type of system is extremely complex 
and bulky when the number of lens elements become 
large. 

[0013] It is desirable to have a pattern generating system that is 
very compact in size, easy to make, and capable of deliv- 
ering reliable performance under normal environmental 



conditions. It is also desirable to have a pattern generat- 
ing system that can generate a 2-D pattern directly and 
can operate at high speed with high bandwidth. 
[0014] (3) Objects and Advantages 

[0015] Accordingly, it is the object of the present invention to 
provide advanced pattern generating systems that have a 
greatly simplified system design resulting in reduced sys- 
tem size, improved system performance and reliability. 

[0016] It is another object of the present invention to provide 
pattern generating systems that can generate large-field 
high-resolution patterns with increased speed and 
throughput for patterning 2-D or 3-D objects. 

[0017] Yet, another object of the present invention is to provide 
pattern generating systems compatible with a wide range 
of illumination sources. 

[0018] Further objects and advantages of the present invention 
will become apparent from the following detailed descrip- 
tion taken in conjunction with the accompanying draw- 
ings, illustrating, by way of examples, the principles of the 
invention. 

[0019] 

Summary of Invention 



[0020] jhe present invention relates to pattern generating sys- 
tems. In particular, the present invention relates to pat- 
tern generating systems incorporating Zone Plate Modula- 
tor (ZPM) arrays to create 2-D images on a surface or to 
pattern 3-D objects. 

[0021] A ZPM array comprises diffractive zone plate modulating 
elements that are capable of either diffracting or reflecting 
waves incident upon the ZPM elements. The intensities of 
either the diffracted or the reflected waves can be modu- 
lated according to the pattern data sent to the ZPM array 
through an electronic control circuitry. Either the 
diffracted waves or the reflected waves can be used to 
represent the pattern data by properly collecting the re- 
spective waves and modulating the ZPM elements cooper- 
atively. Further, the diffracted waves form an array of 
wave spots on the primary focal plane of the ZPM array. 

[0022] When used as spot generators, ZPM arrays provide the 

functions of both a modulator and a focusing lens, elimi- 
nating several large components as would be required in 
conventional art. The integrated approach taken by the 
ZPM offers substantial improvements in reducing system 
complexity, improving reliability and stability, in addition 
to the intrinsic advantages of compactness, high operat- 



ing speed, and high bandwidth. Accordingly, pattern gen- 
erating systems incorporating ZPM arrays provide many 
improvements over prior art such as simplified system de- 
sign, reduced system size, less maintenance, improved 
reliability and stability, and increased throughput. 

[0023] The pattern generating systems in accordance with the 

present invention are separated into two categories based 
on how the fundamental image pixels on the generated 
images are formed. 

[0024] According to one aspect, the present invention provides a 
large-field high-resolution pattern generating system, in 
which ZPM arrays are used as spot array generators. For 
this type of applications, wave spots in a spot array on the 
primary focal plane of the ZPM arrays are used as the fun- 
damental image pixels. The imaging optical system, ar- 
ranged in a dark field configuration, images the spot array 
onto the imaging surface with a predetermined magnifica- 
tion. A complete large-field high-resolution image is 
formed by filling in the spaces between wave spots 
through a subfield scanning means. Further more, the 
ZPM arrays can be arranged as part of a scanning confocal 
microscopy subsystem in the large-field high-resolution 
pattern generating systems for imaging and alignment 



purposes. 

[0025] According to another aspect, the present invention pro- 
vides a direct pattern generating system, in which the ZPM 
elements in a ZPM array are used as the fundamental im- 
age pixels directly. The imaging optical system, arranged 
in either a dark field or a bright field configuration, im- 
ages the front surface of the ZPM arrays onto the imaging 
surface. 

[0026] The pattern generating systems in accordance with the 
present invention generally includes: a) an illumination 
system for providing illumination waves to the ZPM arrays, 
b) one or more ZPM arrays for processing or modulating 
the illumination waves according to image data, c) an 
imaging optical system for imaging the modulated waves 
onto an imaging surface, d) an imaging surface to receive 
the modulated waves, and e) optionally a scanning means 
for scanning the modulated waves across the imaging 
surface. 

[0027] The illumination system may comprise one or more wave 
sources, reflectors, mirrors, dichroic mirrors, and lens as- 
semblies for collimating and converging the illumination 
waves. The illumination system generates and collimates 
illumination waves, and causes the illumination waves to 



impinge on the ZPIS/I arrays at a predetermined angle. Tlie 
illumination system may generate monochromatic waves 
such as visible light, UV radiation, extreme UV radiation or 
x-ray radiation. Further the illumination system may gen- 
erate waves of more than one dominant wavelengths, 
such as red, green and blue (RGB) colors, for use in color 
displays. Three separate light sources can also be used to 
generate the RGB colored illumination light waves. A white 
light source with appropriate dichroic mirrors is another 
way to generate RGB colored light waves. 
[0028] The imaging optical system may comprise one or more 
lens assemblies and provides an image on an imaging 
surface from the ZPM arrays with a predetermined magni- 
fication. The image on the imaging surface can be a mag- 
nified image if the magnification is larger than unity for 
applications such as projection displays or direct viewing 
systems. The image on the imaging surface can be a de- 
magnified image if the magnification is smaller than unity 
for applications such as high-resolution maskless lithog- 
raphy. The imaging optical system may further comprise 
zeroth-order stops and/or higher-order aperture stops to 
separate the diffracted light waves from the undiffracted 
or reflected waves. The imaging optical system allows one 



type of the waves (diffracted or undiffracted) to reach the 
imaging surface while blocl<s the other type of waves. The 
image optical system may further comprise relay lens as- 
semblies relaying the intermediate image generated by 
the imaging lens assembly onto the imaging surface or 
object. 

[0029] The ZPM arrays can be 1-D, 2-D, or staggered 2-D ZPM 
arrays. A 2-D pattern can be generated using a 2-D ZPM 
array directly. A 2-D pattern can also be generated by us- 
ing an 1-D ZPM array to form a line pattern, and by scan- 
ning the line pattern in the direction normal to the line 
pattern through a scanning means. Further, a 2-D pattern 
can be generated by using a staggered 2-D ZPM array to 
form a dense linear pattern, and by scanning the dense 
linear pattern in the direction normal to the dense linear 
pattern through a scanning means. To generate a color 
image, one or more (such as three) ZPM arrays can be 
used in high performance display systems. 

[0030] An imaging surface is provided for receiving the image or 
pattern formed by the imaging lens system. The imaging 
surface is a projection screen as would be required for a 
projection display, a layer of photoconductive material as 
would be required for an optical printer, an optical 



recording medium as would be required for an optical 
data storage system, or a layer of wave sensitive materials 
(such as photoresist/photopolymers for photolithography) 
as would be required for a (2-D or 3-D) photolithography 
apparatus. The imaging surface may further be a surface 
that needs to be modified by the modulated waves as 
would be used for surface modification, surface treat- 
ment, or imprinting applications. Further, the imaging 
surface may not be needed at all as would be for direct 
viewing systems where the image is a virtual image and is 

viewed directly by an observer. 
Brief Description of Drawings 

[0031] FIG. 1 is a schematic representation of a pattern generat- 
ing system in prior art incorporating a conventional spot 
array generator. 

[0032] FIG. 2a is a perspective view of one example of a prior art 
micromachined Zone Plate Modulator (ZPM) suitable for 
use in a pattern generating systems in accordance with 
the present invention. 

[0033] FIG. 2b is a cross-sectional view schematically illustrating 
an operational state of the ZPM in FIG. 2a wherein the ZPM 
behaves like a mirror. 

[0034] FIG. 2c is a cross-sectional view schematically illustrating 



an operational state of the ZPM in FIG. 2a wherein the ZPM 
behaves like a phase zone plate and focuses the illumina- 
tion waves into a series of focal points along the optical 
axis of the ZPM. 

[0035] FIG. 3 shows the output distributions of a single conven- 
tional reflective zone plate, wherein the outputs consist of 
a substantial portion (~25%) of plane waves (undiffracted 
waves) and a series of diffracted waves forming the focal 
points along the axis of the zone plate. 

[0036] FIG. 4 illustrates the principle of subfield scanning in ac- 
cordance with the present invention for filling in the 
spaces between the spots created by a spot array genera- 
tor. Full circles represent the starting position of the sub- 
field scanning sequence. The dash-dot box outlines a 
subfield. 

[0037] FIG. 5 is a general schematic representation of one pre- 
ferred embodiment of a large-field high-resolution pat- 
tern generating system comprising a ZPM array in accor- 
dance with the present invention. 

[0038] FIG. 6 is a general schematic representation of a large- 
field high-resolution pattern generating system of the 
type shown in FIG. 5 with a double Fourier lens arrange- 
ment. 



[0039] FIG. 7 is a general schematic representation of a large- 
field high-resolution pattern generating system of the 
type shown in FIG. 5 with an alternative illumination 
method. 

[0040] FIG. 8 is a general schematic representation of another 

embodiment of a large-field high-resolution pattern gen- 
erating system comprising a ZPM array in accordance with 
the present invention, and integrated with a scanning 
confocal microscopy subsystem. The ZPM array is used for 
both pattern generation and scanning confocal mi- 
croscopy. 

[0041] FIG. 9 is a general schematic representation of a large- 
field high-resolution pattern generating system of the 
type shown in FIG. 5 having a relay lens assembly for pro- 
jecting the spot array on the intermediate image plane 
onto an imaging surface. 

[0042] FIG. 10 is a general schematic representation of a large- 
field high-resolution pattern generating system, similar to 
the type shown in FIG. 9, integrated with a dedicated sub- 
field scanning means. The subfield scanning means is 
used for filling in the spaces between the spots created by 
the ZPM array without the need of moving the imaging 
surface. 



[0043] FIG. 11 is a general schematic representation of a large- 
field high-resolution pattern generating system of the 
type shown in FIG. 10 with a position detection means for 
improving the scanning accuracy of the scanning process. 

[0044] FIG. 12 is a general schematic representation of another 
embodiment of a large-field high-resolution pattern gen- 
erating system comprising a ZPM array and a converter 
plate in accordance with the present invention. The con- 
verter plate converts a first spot array generated by the 
ZPM array into a second spot array of waves having differ- 
ent properties. 

[0045] FIG. 13a is a general schematic view illustrating an ar- 
rangement of a photocathode photon-electron converter 
plate and magnetic focusing/scanning coils for focusing 
and scanning the electron beams, as part of the system of 
FIG. 12. 

[0046] FIG. 13b is a general schematic view illustrating an ar- 
rangement of a photon-electron converter plate compris- 
ing a plurality of field emission tips in conjunction with a 
plurality of microcolumns for focusing and scanning elec- 
tron beams, as part of the system of FIG. 12. 

[0047] FIG. 14 is a general schematic representation of another 
embodiment of a large-field high-resolution pattern gen- 



erating system comprising a ZPM array and all reflective 
optics in accordance with the present invention. 
[0048] FIG. 15 is a general schematic representation of another 
embodiment of a large-field high-resolution pattern gen- 
erating system comprising an one-dimensional or a stag- 
gered two-dimensional ZPM array and a dedicated sub- 
field scanning means in accordance with the present in- 
vention. 

[0049] FIG. 16 is a general schematic representation illustrating a 
system of FIG. 15 arranged as an optical printer, with the 
imaging surface of FIG. 15 replaced by a drum assembly 
comprising a photoconductive printing medium. 

[0050] FIG. 17 is a general schematic representation illustrating a 
system of FIG. 15 arranged as an optical data storage and 
retrieval system, with the imaging surface of FIG. 15 re- 
placed by a rotating platen having an optical recording 
medium, and incorporating a scanning confocal readout 
subsystem for converting the recorded data on the 
recording medium back to electrical signals. 

[0051] FIG. 18 is a general schematic representation illustrating a 
system of FIG. 6 arranged as a stereolithography system, 
with the imaging surface of FIG. 6 replaced by photopoly- 
mer in a movable holding tank. 



[0052] FIG. 19 is a general schematic representation of one em- 
bodiment of a direct pattern generating system compris- 
ing a ZPM array, arranged as a projection display system 
in a dark field configuration in accordance with the 
present invention. 

[0053] FIG. 20 is a general schematic representation of one em- 
bodiment of a direct pattern generating system compris- 
ing a ZPM array, arranged as a projection display system 
in a bright field configuration and with an off-axis illumi- 
nation in accordance with the present invention. 

[0054] FIG. 21 is a general schematic representation of one em- 
bodiment of a direct pattern generating system compris- 
ing a ZPM array, arranged for direct viewing in a bright 
field configuration and with an off-axis illumination in ac- 
cordance with the present invention. 

[0055] FIG. 22 is a general schematic representation of one em- 
bodiment of a direct pattern generating system compris- 
ing a ZPM array and a rotating color wheel, arranged as a 
color projection display system in a dark field configura- 
tion in accordance with the present invention. 

[0056] FIG. 23 is a general schematic representation of one em- 
bodiment of a direct pattern generating system compris- 
ing three ZPM arrays, arranged as a high performance 



color projection display system in a bright field configura- 
tion in accordance with the present invention. 

[0057] FIG. 24 is a general schematic representation of one em- 
bodiment of a direct pattern generating system compris- 
ing three one-dimensional ZPM arrays and a scanning 
means, arranged as a high performance color projection 
display system in a bright field configuration in accor- 
dance with the present invention. 

[0058] FIG. 25 is an illustration of a transmissive zone plate 
modulator in prior art. 

[0059] FIG. 26 is a general schematic representation of one em- 
bodiment of a large-field high-resolution pattern gener- 
ating system comprising a transmissive ZPM array in ac- 
cordance with the present invention. 
Detailed Description of the Invention 

[0060] The pattern generating systems disclosed here in accor- 
dance with the present invention include a particularly 
preferred wave modulating device — a Zone Plate Modu- 
lator or a Zone Plate Modulator array. The terminology 
"Zone Plate Modulator" or ZPM for short, adopted in this 
disclosure, refers to a wave modulating device comprising 
a pair of complementary zone plates and a modulation 
means for modulating the optical path difference between 



the two zone plates. Accordingly, the terminology "Zone 
Plate Modulator array" or ZPM array refers to a device 
comprising a plurality of ZPM elements and preferably 
having the ZPM elements arranged into a regular pattern 
such as an 1-D array or a 2-D array with individual ZPM 
placed on a square grid. Each ZPM element in a ZPM array 
operates independently according to the control signal. 

[0061] The principles of ZPMs are described in detail in US Patent 
application Serial Number 10/707257, filed by the same 
applicant of the present invention, the disclosure of which 
is hereby incorporated by reference in its entirety. The 
unique feature of a ZPM is that it is a modulator and also a 
focusing lens. It can both modulate an incoming wave and 
focus the incoming wave into a point in a single inte- 
grated device. In addition, ZPMs can be designed as mi- 
croelectro-mechanical devices and be manufactured using 
the mature CMOS compatible fabrication technology. They 
are compact and lightweight, and operate with sub- 
microsecond response time and high bandwidth. In par- 
ticular, ZPM arrays can be used as compact spot array 
generators for generating large-field high-resolution pat- 
terns with superior performances and reliability. 

[0062] The construction and operation of ZPMs are briefly de- 



scribed here with references to FIG2a, FIG. 2b, and FIG. 
2c. Shown in FIG. 2a is the perspective view of a ZPIVl. A 
ZPM comprises a pair of complementary reflective zone 
plates 142 and 144, which form a complete reflecting 
mirror when they are superimposed together at their cen- 
ters. For simplicity, the second zone plate 144 is replaced 
by a mirror. Since the waves reaching the mirror 144 is 
delineated by the transparent zones of the first zone plate 
142, the first zone plate 142 and the mirror 144 therefore 
automatically form a pair of self-centered complementary 
zone plates. 

[0063] Normally, one of the zone plates is a movable plate. For 
the embodiment of the ZPM shown in FIG. 2a, FIG. 2b, and 
FIG. 2c, the first zone plate 142 is the movable plate. The 
first zone plate 142 is suspended above a substrate 146 
by resilient beams 148 through linkages 150 and sup- 
porting posts 152, and is substantially parallel with the 
second zone plate 144. When a force is applied to the first 
zone plate 142 in a direction normal to the zone plate, the 
first zone plate 142 is deflected with respect to the sec- 
ond zone plate 144 by deforming the resilient beams 148. 
The first zone plate 142 itself remains substantially flat, 
and therefore stays parallel to the second zone plate 144 



in the deflected state. 

[0064] tq facilitate the explanation of ZPM's operation, first con- 
sider a single reflective zone plate 180, as shown in FIG. 
3, under the illumination of a plane wavefront 182. The 
reflective zone plate 180 has alternating wave reflecting 
zones 183 and wave absorbing zones 185. As a direct re- 
sult of the Huygens-Fresnel principle and wave interfer- 
ence, the zone plate creates a series of diffracted waves 
forming the focal points 186 & 188 (referred to as focus- 
ing waves) along the axis of the zone plate, and also a 
substantial portion (~25%) of plane waves 184 (referred to 
as reflected or undiffracted waves). 

[0065] Another way to look at the waves created by the zone 
plate is to categorize the waves into the zeroth-order 
diffracted waves 184 ( which are referred to as reflected or 
undiffracted waves), the first-order diffracted waves 186 
(the part of the focusing waves that form the real primary 
focal point), and higher-order diffracted waves 188 (the 
remaining part of the focusing waves forming all other 
real and virtual focal points). Diffracted waves higher than 
the 3rd order, plus all virtual focal points, are not shown 
in FIG. 3 for clarity. 

[0066] Now referring to the cross-sectional view of a ZPM as 



shown in FIG. 2b in a first configuration. The distance be- 
tween the first zone plate 142 and the second zone plate 
144 is mX/2, where m is an integer, X is the wavelength of 
the illumination wave, the reflected waves from the two 
zone plates interfere constructively. The modulator re- 
flects the illuminating plane wavefront 154 as plane waves 
156 just like a mirror. Whereas the focusing waves inter- 
fere destructively, canceling out each other. In a second 
configuration as shown in FIG. 2c where the distance be- 
tween the first zone plate 142 and the second zone plate 
144 is (m/2 + l/4)X, the focusing waves from the two zone 
plates interfere constructively. The modulator focuses the 
illuminating plane wavefront 154 into a series of focal 
points 158 just like a reflective phase zone plate. 
Whereas, the reflected waves from the two zone plates in- 
terfere destructively and cancel out each other. In any 
other configurations, the output from a ZPM is a mixture 
of reflected and focusing waves. To achieve complete can- 
cellation and high contrast ratio, the amplitudes of the 
waves from the two zone plates should be substantially 
equal. Therefore, the total reflective surface areas of the 
first and the second zone plates should be substantially 
equal, assuming that these reflecting surfaces have similar 



reflectance. 

[0067] The force used to deflect the movable zone plate, which is 
the first zone plate 142 as shown in FIG. 2a, FIG. 2b, and 
FIG. 2c, can be any forces produced by effects including 
electrostatic, electromagnetic, magnetic, magnetostrictive, 
piezoelectric, and thermal effects. For example, electri- 
cally conductive layers can be incorporated into the first 
and the second zone plates of a ZPM. The two conductive 
layers form a pair of electrodes of a parallel plate capaci- 
tor. When an appropriate voltage is applied between the 
two electrodes, an electrostatic force is generated by the 
applied voltage and is able to deflect the movable plate. 
One of the great advantages of the ZPM is that the force 
required to achieve a full modulation is very small since 
the deflection for achieving a full modulation is only 1/4 
of the wavelength of the illumination wave source. For ex- 
ample, the deflection for achieving a full modulation is 
only 48.3 nm for a ZPM designed for use with an ArF laser 
source having a wavelength of 193 nm. 

[0068] The ways a ZPM can be used in an optical system are very 
flexible. First of all, either the reflected waves or the fo- 
cusing waves can be selected to represent the pattern 
data by using appropriate apertures or stops. Secondly, a 



ZPM can also operate either in a digital mode or in an 
analog mode. In the digital (or binary) mode, a ZPM oper- 
ates either at the first configuration or the second config- 
uration by applying an appropriate digital control signal to 
the ZPM. In the analog mode, on the other hand, the dis- 
tance between the first and the second zone plates of a 
ZPM is changed continuously by applying an analog con- 
trol signal to the ZPM. Further more, since the principle of 
ZPMs is based on wave interference, a ZPM can be used to 
modulate any type of waves including electromagnetic ra- 
diation (infrared light, visible light, ultraviolet light, deep 
ultraviolet light, extreme ultraviolet light. X-rays), matter 
waves and acoustic waves. Matter waves include charged 
particle beams such as electron beams or ion beams. Even 
though most of the examples of pattern generating sys- 
tems illustrated in this disclosure are described based on 
light waves, it should not be considered as limitations to 
the present invention. 
[0069] As disclosed in U.S. Patent Application Serial Number 

10/707257, it is possible to configure the two zone plates 
in a ZPM in a number of different ways in order to adapt 
to various requirements of different applications. For ex- 
ample, a ZPM may have a square aperture, instead of a 



circular aperture, to increase its fill factor, therefore the 
optical efficiency. The optical and mechanical properties 
of a ZPM can also be tailored easily to meet specific 
needs. Consider a typical ZPM for microlithographic appli- 
cation. The ZPM is 50 micrometers x 50 micrometers in 
size and has a primary focal length of 50 micrometers. 
Such a ZPM has a Rayleigh resolution of 0.53 micrometer 
for a light source having a wavelength of 436 nm. For X- 
ray lithographic applications, a ZPM that is 10 microme- 
ters X 10 micrometers in size and has a primary focal 
length of 30 micrometers can produce a diffracted limited 
spot of 33 nm in diameter for a X-ray source having a 
wavelength of 4.5 nm. 
[0070] Arrays comprising a plurality of ZPM elements arranged in 
a regular form are of particular importance. A ZPM array 
can be used as a spot array generator. When a ZPM array 
is illuminated with a colli mated wave, an array of diffrac- 
tion limited spots is formed on the focal plane of the ZPM 
array. In turn, the spots in the spot array can be used as 
the fundamental image pixels for generating large-field 
high-resolution patterns. Further, each element in a ZPM 
array can be used directly to form fundamental image 
pixels. Accordingly patterns with the same number of 



pixel elements as the ZPM array can be generated. 

[0071] The ZPM elements in a ZPM array can be arranged as an 
1-D array, a staggered 2-D array, or a regular 2-D array. 
In 2-D arrays, the ZPM elements can be placed on a rect- 
angle grid, on a hexagonal grid or on any other regular 
grids. A 2-D high-resolution pattern can be produced us- 
ing a 2-D ZPM array in conjunction with a subfield scan- 
ning means to fill in the spaces between spots. A 2-D 
pattern can also be generated by using an 1-D ZPM array 
or a staggered 2-D ZPM array in conjunction with a me- 
chanical scanning means to scan in a direction normal to 
the ZPM array. A staggered 2-D ZPM array, in which each 
row of ZPMs is shifted by a small amount with respect to 
the neighboring rows, can be used as an 1-D array that 
has a much higher linear spot density. 

[0072] Since the fundamental image pixels that are used to form 
the final pattern or image on an imaging surface depends 
on how the ZPM arrays are used, accordingly, the pattern 
generating systems incorporating ZPM arrays are catego- 
rized as large-field either high-resolution pattern gener- 
ating systems or direct pattern generating systems, which 
are disclosed in detail in the separate sections below. 

[0073] I, Large-field high-resolution pattern generating systems 



incorporating ZPM arrays 

[0074] In tlie field of optical imaging art, the term "dark field" 

image, also known as Schlieren image, refers to an image 
produced by collecting scattered or diffracted waves. The 
term "bright field" image, on the other hand, refers to an 
image that is formed by collecting either reflected or 
transmitted waves. 

[0075] When a ZPM is at the second configuration, the ZPM be- 
haves like a phase zone plate. The first-order diffracted 
waves carry substantial amount (~41%) energy of the in- 
coming illumination, and also form a diffraction limited 
light spot at the real primary focal point of the ZPM when 
the illumination waves are plane waves. Since all the ZPM 
elements in the ZPM array are designed and fabricated 
with similar parameters, the real primary focal points from 
all the ZPM elements in a ZPM array constitute a spot array 
on the real primary focal plane of the ZPM array. 

[0076] In a large-field high-resolution pattern generating system 
in accordance with the present invention, ZPM arrays are 
used as spot array generators. Accordingly, the first order 
diffracted waves from the ZPM arrays are collected by ar- 
ranging the imaging optics in a dark field configuration. It 
should be noted that the virtual primary focal points of a 



ZPM array work equally well for the on-going discussions. 
Also for clarity, only the zeroth- and the first-order 
diffracted waves are shown on the accompany drawings. 

[0077] jhe unique feature of a spot array generator is that it can 
generate a large field image while maintaining high reso- 
lution. When a spot array is statically imaged on to a sur- 
face, the image is simply an array of regularly spaced light 
spots replicating the arrangement of the light spots in the 
spot array. To form a complete image, the spaces, re- 
ferred to as subfields, between the light spots on the 
imaging surface are filled with corresponding sub- 
patterns/images by a process called subfield scanning. 

[0078] One way that a subfield scanning process can be carried 
out is to scan the light spots in a serpentine fashion. First, 
a user designed pattern/image is fractured into individual 
frames or frame data by a computer system. Then the 
frame data are used to modulate the intensities of individ- 
ual light spots frame- by-frame during the scanning pro- 
cess. Shown in FIG. 4 is a portion of an image generated 
by a spot array generator. The full circles 190 symbolize 
the starting position (the first frame) of the light spots on 
an imaging surface. The dash-dot box outlines one sub- 
field area. During the subfield scanning, all the spots 



move simultaneously one step at a time horizontally until 
a line is completed. Then the light spots step down a row 
and start scanning another line in the reverse direction of 
the previous line. This process continues until the subfield 
area is filled. The intensities of the light spots are modu- 
lated according to the frame data synchronously with the 
stepping during the scanning process. 

[0079] jhe step size in FIG. 4 is set to equal to the size of the 
light spots. A step size smaller than the spot size can be 
used to cause the spots to partially overlap, therefore 
producing patterns with smoother edges and more uni- 
formed exposure on the imaging surface. Those familiar 
with the art to which the present invention pertains will 
recognize that there are many ways and sequences to fill a 
subfield area with frame data. The particular step size and 
scanning sequence shown in FIG. 4 are for purpose of il- 
lustrating the principle of subfield scanning, and should 
not be considered as limitations. 

[0080] Since all the light spots on the imaging surface are 

scanned simultaneously and are displaced by a same dis- 
tance, therefore, a single subfield scan fills in the entire 
spaces around all the light spots, producing a complete 
image that has both the extent of the spot array and the 



resolution of individual light spots (both are adjusted by 
the magnification of the imaging lens system). This com- 
pleted image, referred to as a "field image", is a large- 
field high-resolution image. As an example, considering a 
2-D ZPM array having 1000 x 1000 ZPM elements. Each 
ZPM element is 50 micrometers x 50 micrometers in size 
and has a focal length of 50 micrometers. Such a ZPM ar- 
ray is capable of generating a spot array with each spot 
having a diffracted limited diameter of about 1 microme- 
ter for an illumination source having a wavelength of 436 
nm. To fill in the subfields, all the spots in the spot array 
are scanned across the subfield area, which is 50 microm- 
eters X 50 micrometers, with a step size of 1 micrometer 
in both X and y directions. Consequently a field image of 
50 mm X 50 mm in size and having a pixel size of 1 mi- 
crometer is formed, assuming that the spot array is im- 
aged onto the imaging surface with a unit magnification. 
The total number of pixels in this high-resolution field 
image is 2500 millions. 
[0081] Another advantage of using the subfield scanning tech- 
nique for generating large-field high-resolution patterns 
is that the scan range is very small. Therefore, superior 
scanning linearity and precision can be easily achieved. 



Continuing above example. Since tlie scan range is only 
50 micrometers in the linear dimension, therefore only 50 
steps, with a step size of 1 micrometer, are needed to fill 
in the spaces between the neighboring light spots in the 
linear dimension. In comparison, a whole field scanning 
would require 50,000 step, which requires a very sophis- 
ticated scanning system in order to achieve good linearity 
and accuracy. 

[0082] A superfield image is an image larger than the field im- 
age. A superfield image can be generated by stitching a 
number of field images together. 

[0083] The large-field high-resolution pattern generating sys- 
tems disclosed here in accordance with the present inven- 
tion can be configured for various high-resolution appli- 
cations including 2-D/3-D maskless lithographic system, 
optical printing system, optical recording system, projec- 
tion display system, direct viewing system, and systems 
for surface modification/treatment/imprinting. 

[0084] Now referring to FIG. 5, the preferred embodiment of a 

large-field high-resolution pattern generating system 200 
in accordance with the present invention is illustrated. The 
light waves generated by a light source 202 are col 11 mated 
by a collimating lens assembly 204. Appropriate light 



sources include lasers, solid state lasers, LEDs, short arc 
(mercury/xenon) lamps, radiation from laser produced 
plasma (LPP) sources, radiation from high-order harmonic 
generation (HHG) in argon plasma source, and radiation 
from synchrotrons. For light sources such as short arc 
lamps that radiate in all directions, a reflector 206 is 
placed behind the light source 202 to increase the collect- 
ing efficiency of the light source. The collimated light 
waves 208 converge onto a folding mirror 212 by a lens 
assembly 210. The folding mirror 212, having a predeter- 
mined size, is placed at a distance from an imaging lens 
assembly 214 of about a focal length (fl) of the imaging 
lens assembly. The surface of the mirror 212 is inclined at 
a 45 degree angle to the optical axis of the imaging lens 
assembly 214. The folding mirror 212 rotates the propa- 
gation direction of the illuminating light waves by 90 de- 
grees towards the ZPM array 218. 
[0085] Reflector 206, lens assemblies 204 and 210, and the fold- 
ing mirror 212 constitute a light collection assembly for 
collecting the light output from the light source 202 and 
directing the light waves to the ZPM array 218. Multiple 
collection assemblies can be arranged to collect the light 
output from several directions around the light source 



202 to increase the collecting efficiency. The method and 
use of multiple collection systems to increase the collect- 
ing efficiency of a light source is described in detail by 
U.S. Pat. No. 5,629,801, issued on May 13, 1997 to Bryan 
P. Staker, et al. 

[0086] The light waves leaving the folding mirror 212 are re- 
collimated by the imaging lens assembly 214 as plane 
waves 216, and illuminate a 2-D ZPM array 218 at the 
normal direction of the array. For clarity, only two repre- 
sentative ZPM elements are shown on the ZPM array. The 
45 degree inclination angle of the folding mirror 212 is 
chosen here for convenience of the illustration and should 
not considered as limitation. 

[0087] It will be apparent to those of ordinary skills in the optical 
art that the collimating lens assembly 204 can be one or 
more of lens elements which may be spherical, aspherical, 
or cylindrical in order to properly correct any astigmation 
and collimate the light waves generated by the selected 
light source. The imaging lens assemblies 210 and 214 
are used for the purpose of imaging and collimating, and 
are intended to represent groups of one or more lens ele- 
ments that can be spherical lenses, aspherical lenses, gra- 
dient Index lenses (such as Gradium(R) lenses, LightPath 



Technologies Inc., Florida, USA) or cylindrical lenses. Fur- 
ther more, the lens elements can be refractive, diffractive, 
or reflective. Reflective mirrors, also called focusing mir- 
rors, have been used extensively to replace refractive 
lenses in astronomy to reduce the weight of lenses and in 
extreme UV optical systems owing to their high optical ef- 
ficiency in the shorter wavelength region. 
[0088] The ZPM array 218 spatially modulates the illuminating 

plane waves 216 according to the frame data coming from 
a microprocessor-based electronic control circuitry 220. 
As mentioned previously, the waves diffracted by a ZPM 
array consist of various orders of diffractions. The first- 
order diffraction forms a spot array on the primary focal 
plane 222 of the ZPM array 218. It is this spot array that 
the imaging lens assembly 214 images onto an imaging 
surface 224 with a predetermined magnification. The im- 
age surface 224 is positioned at the conjugate plane of 
the primary focal plane 222 of the ZPM array 218. The 
field size of the image formed on the imaging surface 224 
is larger than the field size of the spot array formed on 
the focal plane 222 if the magnification is larger than 
unity. The field size of the image formed on the imaging 
surface 224 is smaller than the field size of the spot array 



formed on the focal plane 222 if the magnification is 
smaller than unity. 

[0089] The Imaging lens assembly 214, in the illumination direc- 
tion, functions as part of the illumination arrangement for 
the ZPM array 218. In the direction of diffracted and re- 
flected waves, the imaging lens assembly 214 functions as 
an imaging lens and images the spot array on the primary 
focal plane 222 of the ZPM array 218 onto an imaging 
surface 224 with a predetermined magnification. 

[0090] A zeroth-order stop 212, placed at a distance from the 
imaging lens assembly 214 of about a focal length (fl) of 
the imaging lens assembly, blocks the zeroth-order 
diffracted waves while allows other orders of diffracted 
waves to pass by. A high-order aperture stop 226, which 
is placed close to, and in front of the image surface 224, 
blocks higher, except the first, order diffractions. The ze- 
roth-order stop 212, the higher-order aperture stop 226, 
and the imaging lens assembly 214 constitute a band- 
pass filter, and allow only the first-order diffracted waves 
to reach the imaging surface 224. 

[0091] In this embodiment, the folding mirror 212 serves two 

purposes as a) a light folding mirror and b) a zeroth-order 
stop. The mirror 212 is oriented in such a way that it di- 



rects the illumination wave to the ZPM array in a proper 
angle. It also reflects the zeroth-order diffracted waves 
back to the illumination arrangement. Essentially, it pre- 
vents the zeroth-order diffracted waves from propagating 
to the imaging surface 224, allowing only non-ze- 
roth-order diffracted waves to pass by. The imaging lens 
assembly 214, and the mirror/stop 212 form a telecentric 
Schlieren optical system. Alternatively, a dedicated mirror 
and a dedicated zeroth-order stop can be used. The ze- 
roth order stop can be either absorbing or reflecting. 

[0092] Finally, an array of light spots, consisting of only the first- 
order diffracted waves and being modulated by the frame 
data, is formed on the imaging surface 224 by the imag- 
ing lens assembly 214. It is well known in the optical art 
that lenses with higher numerical aperture have better 
resolution and higher optical collecting efficiency. It is 
therefore preferable to have an imaging lens assembly 
214 that has a numerical aperture larger than that of the 
ZPM elements in the ZPM array 218. 

[0093] The imaging surface 224 comprises light sensitive materi- 
als, of which one or more characteristics are changed after 
being exposed to the light spots. For an optical data stor- 
age and retrieval applications, the imaging surface is an 



optical recording medium. For an optical printer, the 
imaging surface is a light sensitive solid state material 
such as photoconductive material. For maskless pho- 
tolithography (or direct writing) applications, the imaging 
surface is, in general, a wafer layered with wave sensitive 
materials such as photoresists or electron beam resists. 
For stereolithography applications, the imaging surface is 
photopolymers or photo-modifiable materials. 

[0094] The imaging surface 224 can also be a surface of materi- 
als to be modified by the light spots such as in direct sur- 
face treatment, modification, carving, and imprinting. The 
imaging surface can further be a screen as required to 
provide a projection display to viewers. Lastly, but not ex- 
haustively, the imaging surface can be eliminated as 
would be the case for direct viewing applications where a 
virtual image is formed on the retina of an observer. 

[0095] A movable x-y-z stage (also called alignment fixture) 228 
is provided for holding the imaging surface 224, and also 
for positioning and aligning the imaging surface in x-y-z 
dimensions. 

[0096] A complete field image is generated by filling the spaces 
between the light spots using a subfield scanning means. 
In particular, the subfield scanning means is to move the 



movable stage 228 along the x-y plane to produce a com- 
plete field image. The process of subfield scanning is syn- 
chronized with the frame data sent to the ZPM array 218 
by the control circuitry 220. Superfield images can be 
generated by moving the stage 228 by a distance sub- 
stantially equal to the size of the field image after each 
field image is generated. 

[0097] Without the high-order aperture stop 226, waves from 

higher-order diffractions form a background illumination 
around the light spots on the imaging surface. This back- 
ground illumination is acceptable for certain applications. 
Accordingly, the large-field high-resolution pattern gen- 
erating system shown in FIG. 5 can be simplified by omit- 
ting the high-order aperture stop 226 for these type of 
applications. For example, the thermalset photoresists 
disclosed by U.S. Pat. Pub. No. 2003/0123040, filed on 
November 7, 2002, published on July 3, 2003, does not 
respond to an illumination if the illumination level falls 
below a threshold value. Accordingly, the high-order 
aperture stop 226 is not required when this type of resist 
materials is used. 

[0098] The microprocessor-based electronic control circuitry 
220, such as a computer, may contain all the calibration 



data including tlie intensity calibration and position cali- 
bration data of individual light spots in its electronic stor- 
age. The control circuitry 220 receives user defined pat- 
tern, fractures the pattern into individual frame data, ap- 
plies the calibration data to the frame data, and in turn 
uses the corrected frame data to operate the ZPM ele- 
ments in the ZPM array 218. The control circuitry also re- 
ceives alignment data and uses the alignment data to po- 
sition the movable stage/alignment fixture properly in x- 
y-z directions. The control circuitry 220 further synchro- 
nizes the position of the movable stage 228 with the 
frame data during the subfield scanning/superfield stitch- 
ing. 

[0099] FIG. 6 shows an alternative method of filtering and imag- 
ing the light spots. Instead of using a single imaging lens 
assembly, the method in FIG. 6 uses a pair of lens assem- 
blies, arranged in a double Fourier lens configuration. The 
first Fourier lens assembly 230 is placed at a distance 
from the primary focal plane 222 of the ZPM array 218 of 
about a focal length (f 1) of the first Fourier lens assembly 
230. The second Fourier lens assembly 232 is placed at a 
distance from the first Fourier lens assembly 230 of about 
the sum (f 1 + f2) of the focal lengths of the two Fourier 



lens assemblies. The folding mirror/zeroth-order stop 
212 is placed behind the first Fourier lens assembly 230 
at a distance of about the focal length (f 1) of the first 
Fourier lens assembly. The high-order aperture stop 226 
is placed behind the second Fourier lens assembly 232 at 
a distance of about the focal length (f2) of the second 
Fourier lens assembly. 

[0100] In such a configuration, The light spots on the primary fo- 
cal plane 222 are relayed onto the imaging surface 224. 
Whereas, the zeroth-order diffracted waves are blocked 
by the zeroth-order stop 212. The high-order aperture 
stop 226 blocks high-order, except the first-order, 
diffracted waves from reaching the imaging surface 224. 
Consequently the double Fourier lens assemblies in con- 
junction with the zeroth-order stop 212 and the high- 
order aperture stop 226 produce a clean light spot array 
on the imaging surface 224. The high-order aperture stop 
can be omitted for certain applications where background 
illumination is acceptable. 

[0101] Another way to illuminate the ZPM array is illustrated in 
FIG. 7. The collimated waves 208, after being folded 90 
degrees by a beam splitter 236, impinge on the ZPM array 
218 at the normal direction to the ZPM array. The waves 



diffracted by the ZPM array 218 pass through the beam 
splitter 236 and propagate towards the imaging lens as- 
sembly 214. After being filtered by the band-pass filter 
comprising the zeroth-order stop 238 and the high-order 
aperture stop 226, the light spots comprising of only the 
first-order diffracted waves are imaged onto the imaging 
surface 224 by the imaging lens assembly 214. 
[0102] Another embodiment of the present invention is shown in 
FIG. 8 and includes components for a parallel scanning 
confocal microscopy (SCM) by taking advantage of the 
imaging capability of ZPM elements. A ZPM array based 
SCM offers the same benefits as that of a spot array gen- 
erator, and is capable of acquiring large-field and high- 
resolution images with increased throughput. In addition, 
the confocal property of the SCM provides accurate depth 
discerning capability and can be used to construct 3-D 
images. For the maximum optical efficiency of the SCM, 
all of the ZPM elements in the ZPM array, when used in the 
SCM mode, should be configured into the second configu- 
ration as phase zone plates where the relative distance 
between the first and the second zone plates is about m/2 
+ 1/4 of the wavelength of the illumination wave. The 
wave propagation paths in FIG. 8 are marked with arrows 



only in the directions for tlie SCM mode. It should be 
noted, however, that the high-resolution pattern generat- 
ing process shares some of the same paths in the oppo- 
site directions, which are not marked with arrows in FIG. 8 
for clarity. 

[0103] The lightwaves reflected off the imaging surface 224 

travel backwards through the imaging lens assembly 214 
and form an array of light spots on the primary focal 
plane 222 of the ZPM array 218. The intensities of these 
light spots are modulated by the surface structures on the 
imaging surface 224. The ZPM array collimates the light 
spots into an array of parallel waves 240. The parallel 
waves 240 converge onto the folding mirror 212 through 
the imaging lens assembly 214. The waves, after having 
their propagation direction turned 90 degrees by the fold- 
ing mirror 212, are re-collimated by the lens assembly 
210 into parallel waves 242. A beam splitter 244 directs 
the parallel waves 242 towards a digital detecting means 
250. A spatial filter 248, also known as a confocal aper- 
ture, is placed near the focal point of the lens assembly 
246. Therefore, the spatial filter 248, the primary focal 
plane 222 of the ZPM aary 218, and the imaging surface 
224 are substantially confocal. 



[0104] jhe digital detecting means 250, preferably a CCD cam- 
era, is placed at the conjugate plane of either the front 
surface or the primary focal plane 222 of the ZPM array 
218 to acquire and store the digital images of the imaging 
surface 224, one frame at a time. The pixels of each static 
image are the points on the imaging surface 224, sepa- 
rated by a distance equal to the center-to-center spacing 
of the ZPM elements of the ZPM array 218, adjusted by the 
magnification of the imaging lens assembly 214. In con- 
junction with a subfield scanning means, the control cir- 
cuitry 220 acquires and assembles all the frame images 
from the subfield scanning sequence to produce a com- 
plete high-resolution image of the imaging surface 224. 
Such a SCM capability is extremely useful for precision x- 
y-z alignment of the imaging surface in many applica- 
tions, such as the multi-level lithographic alignments in 
photolithography. Integration of SCM with the high- 
resolution pattern generating system greatly reduces the 
size and improves the functionality of the system. 

[0105] In comparison to the embodiment in FIG. 5, the embodi- 
ment shown in FIG. 9 adds a projection lens assembly 
252. In FIG. 9, the first spot array on the primary focal 
plane 222 of the ZPM array 218 is imaged onto an inter- 



mediate image plane 254 as a second spot array with a 
predetermined magnification by the imaging lens assem- 
bly 214. The projection lens assembly 252 projects the 
second spot array on the intermediate image plane 254 
onto the imaging surface 224. The projection lens assem- 
bly 252 makes it easier to manage the field size and the 
resolution of the pattern formed on the imaging surface 
224. The large distance between the imaging surface 224 
and the projection lens assembly 252 also provides better 
access to the imaging surface 224 and easier substrate 
handling. In addition, the subfield scanning means can be 
accomplished by displacing the projection lens assembly 
252 along the x-y plane, while the imaging surface 224 
remains stationary. Therefore, a complete large-field 
high-resolution image can be generated without the need 
for moving the imaging surface 224. An optical viewer 
251 can be used for monitoring and assisting in the 
proper position or alignment of the imaging surface 224. 
[0106] In comparison to the embodiment in FIG. 9, the embodi- 
ment shown in FIG. 10 incorporates a dedicated subfield 
scanning means 260. The subfield scanning means scans 
the light spots across the imaging surface 224 along the 
x-y plane. The imaging surface 224 remains stationary 



during the subfield scanning. The advantage of using a 
dedicated subfield canning means is that a complete 
large-field high-resolution image can be generated with- 
out the need for moving the imaging surface. The opera- 
tion of the scanning means is synchronized with the frame 
data sent to the ZPM array 218 by the control circuitry 
220. The scanning means suitable for the task includes 
acoustic optical modulators, rotating mirrors, scanning 
mirrors, polygon scanners, shifting mirrors, and by shift- 
ing the lens assemblies along the x-y plane. Superfield 
images can be made by stitching a plurality of field im- 
ages together through stepping the movable stage 228. 
[0^07] In comparison to the embodiment in FIG. 10, the embodi- 
ment shown in FIG. 11 incorporates a position detection 
means 262. The detection means 262 moves syn- 
chronously with the imaging surface 224 and measures 
the position of the light spots during the subfield scan- 
ning. The detection means 262 sends the error signal to 
the subfield scanning means 260 to correct any positional 
error. For example, a semiconductor position sensitive 
detector (PSD), which is widely used for high-speed, high- 
accuracy position detection, can be positioned on the 
movable stage and to intercept one of the light spots or a 



fiduciary liglit beam to directly measure tlie movement of 
tlie subfield scanning means. Tlie subfield scanning 
means 260 and the detection means 262 constitute a 
feedbacl< system tliat provides an improved positioning 
accuracy of tlie subfield scanning. Tlie detection means 
may be a CCD camera or a group of one or more position 
sensitive detectors (PSD). 

[0108] The liglit spots in a spot array generated by a ZPM array 
can be used to generate a second spot array of waves 
having different properties, sucli as charged particle 
beams or light waves of different wavelength. Charged 
particle beams include electron beams and ion beams. An 
electron beam lithography system using a combination of 
a programmable optical radiation source and a photon- 
electron converter to provide an array of light controllable 
electron beam sources was disclosed by Tihiro Ohkawa 
(U.S. Pat. No. 6,014,203, filed on January 27, 1998, issued 
on January 11, 2000), in which the programmable optical 
radiation source was a display panel/light source such as 
a liquid crystal display panel. 

[0109] Shown in FIG. 12 is an embodiment of a large-field high- 
resolution pattern generating system incorporating a ZPM 
array 218 and a photon-charged particle converter 270 to 



convert the light spots generated by the ZPM array 218 
into an array of charged particle beam sources. The use of 
ZPM arrays as spot array generators to activate charged 
particle beam sources makes it possible to increase the 
density and the switching speed of the charged particle 
beam sources, therefore resuting in the increased 
throughput of pattern generation. 
[0110] In one embodiment of the present invention, the photon- 
charged particle converter is a photon-electron converter 
comprising a photocathode plate, as illustrated in FIG. 
13a. The light spots 280 generated by a ZPM array illumi- 
nate isolated areas on a photocathode plate 282 causing 
these isolated areas to emit electron beams 284. Further, 
the light spots can be scanned (as indicated by the double 
arrows) along the plane of the photocathode plate using a 
subfield scanning means (not shown) to provide an even 
higher-density array of controllable electron beam 
sources. 

[0^11] In another embodiment of the present invention as shown 
in FIG. 13b, the photon-charged particle converter is a 
photon-electron converter plate 292 comprising a plural- 
ity of field emission tips 294. The number and the period- 
icity of the field emission tips 294 match to the number 



and the periodicity of the light spots 290 illuminating the 
converter plate. The field emission tips 294 generate elec- 
tron beams 296 when they are illuminated with lights. 

[0112] Now referring to FIG. 12 again. A focusing and scanning 
means 272 focuses and scans the waves of the second 
spot array generated by the converter 270 onto an imag- 
ing surface 286. One or more characteristics of the mate- 
rial on the imaging surface are to be modified by the 
waves of the second spot array. In particular, the focusing 
and scanning means 272 comprises one or more electro- 
magnetic/electrostatic lenses and/or electromagnetic 
scanning coils/electrostatic deflecting plates to focus and 
scan the electron beams 273 generated by the photo- 
electron converter plate 270 onto the imaging surface 286 
layered with electron beam sensitive materials such as 
Poly(methyl met h aery I ate). 

[0113] Various combinations of photon-electron converter plate 
and scanning and focusing means can be arranged. The 
setup shown in FIG. 13a illustrates an example of a pho- 
tocathode plate 282 followed by an electromagnetic lens 
focusing and scanning assembly 288. Shown in FIG. 13b is 
another configuration. The focusing and scanning means 
comprises a plurality of microcolumns or miniature elec- 



trostatic lenses 298. Each of the microcolumns 298 is a 
miniature electrostatic electron beam focusing and scan- 
ning system, and is positioned directly beneath each elec- 
tron emission point on the photo-electron converter plate. 
The method of design, use and operation of electromag- 
netic/electrostatic lenses, electromagnetic scanning coils/ 
electrostatic deflecting plates, and microcolumns are 
widely used and are well known in the electron optics art. 
Accordingly, detained descriptions of these components 
are not presented herein. 

[0114] In another embodiment of the present invention, the con- 
verter plate 270 in FIG. 12 is photon-photon converter 
plate, and converts the first spot array generated by the 
ZPM array 218 into a second spot array of light spots hav- 
ing a different wavelength through processes including 
two-photo conversion, lasing, fluorescence, or lumines- 
cence. Accordingly, the focusing and scanning means 272 
comprises one or more imaging lens assemblies and a 
scanning means. 

[0115] Owing to the high optical efficiency provided by the re- 
flective optics in the very short wavelength range, such as 
x-ray or extreme UV, systems incorporating all reflective 
optics have been widely used in the fields of high- 



resolution lithography and high-resolution imaging. For 
example, Srinivas Bollepalli, et al., /. Vac. Set Technol. B(17), 
p2992 (1999), demonstrated the principle of an EUV litho- 
graphic system using all reflective optics. 
^6] FIG. 14 shows one embodiment of the present invention 
incorporating ZPM arrays comprising all reflective optics 
arranged in a dark field configuration. The light waves 
produced by a light source 320 are collimated by a reflec- 
tive collimating lens assembly 324. A reflector 322 is 
placed behind the light source 320 to increase the collect- 
ing efficiency of the light source. The collimated light 
waves 326 illuminate a ZPM array 328 at a predetermined 
angle in an off-axis configuration. The waves diffracted 
and spatially modulated by the individual ZPM elements in 
the ZPM array 328 form a spot array on the primary focal 
plane 330 of the ZPM array 328. For clarity, only one rep- 
resentative ZPM element is shown in the figure. A reflec- 
tive imaging lens assembly 334 is arranged in such away 
that the primary focal plane 330 of the ZPM array 328 is at 
the conjugate plane of the imaging surface 340. There- 
fore, the light spots formed on the primary focal plane 
330 by the ZPM array 328 are imaged onto the imaging 
surface 340 by the reflective imaging lens assembly 334 



with a predetermined magnification. An optical viewer 345 
can be used for monitoring and assisting in the proper 
position or alignment of the imaging surface 340. 
[0117] jhe waves reflected by the ZPM array 328, represented by 
the dashed lines 332, propagate towards the reflective 
imaging lens assembly 334, and converge into a light 
spot. A stop 336 is placed at a distance from the reflective 
imaging lens assembly 334 of about a focal length of the 
reflective imaging lens assembly 334. The stop 336 
blocks the reflected light waves while allowing the 
diffracted waves 338 to pass by. Optionally, a high-order 
diffraction aperture stop 344 is placed in front of the 
imaging surface 340 to filter out higher-order, except the 
first-order, diffractions allowing only the first-order 
diffracted waves to focus on the imaging surface 340. One 
or more folding mirrors 346 are placed in the optical path 
to reduce the overall size of the pattern generating sys- 
tem. 

[0118] A complete high-resolution pattern is formed on the 

imaging surface 340 by filling in the spaces around the 
light spots using a subfield scanning means. In particular, 
the subfield scanning means is to move a movable stage 
342 along the x-y plane. The position and the motion of 



the movable stage 342 during the subfield scanning is 
synchronized with the frame data sent to the ZPIVI array 
328 by a control circuitry 348. A scanning confocal mi- 
croscopy subsystem (not shown) similar to the one shown 
in FIG. 8 can also be incorporated herein to image the 
surface patterns on the imaging surface and to assist in 
aligning the imaging surface. 
19] FIG. 15 shows an embodiment of the present invention 
comprising an 1-D or staggered 2-D ZPM array. For clarity 
of discussion, the propagation direction of the illumina- 
tion waves is defined as the z-direction. The x-axis is in 
the plane of the illustration, and the y-axis is perpendicu- 
lar to the plane of the illustration. An 1-D ZPM array 414 
is aligned in the y-direction, on the system optical z-axis. 
Light waves produced by a light source 402 are col 11 mated 
by a collimating lens assembly 404. The collimated waves 
406 are focused onto a strip mirror 410 by a cylindrical 
lens assembly 408. The strip mirror 410 is aligned in the 
y-direction, and is on the system optical z-axis. The 
cylindrical lens assembly 408 has refractive power only in 
one axis ( the x-direction according to the coordinate 
convention as shown in FIG. 15), and causes the symmet- 
rically collimated waves 406 to converge in the x- 



direction, and remain collimated in tlie y-direction. Tlie 
action of tlie cylindrical lens assembly 408 transforms the 
symmetrically collimated waves 406 into a focused line on 
the strip mirror 410. The strip mirror 410 intercepts the 
converged waves and rotates the propagation direction of 
the converged waves by 90 degrees. The 45 degree incli- 
nation angle of the strip mirror 410 is chosen here for 
convenience of the illustration and should not considered 
as limitation. 

[0120] The converged waves are re-col I i mated by an imaging 

lens assembly 412 and illuminate the 1-D ZPM array 414 
in the normal direction to the array. The 1-D ZPM array, 
oriented with its long dimension in the y-direction, is 
properly illuminated by the asymmetrical illumination 
waves 413. The waves diffracted and spatially modulated 
by the individual ZPM elements in the 1-D ZPM array 414 
form an 1-D spot array, also running in the y-direction, 
on the primary focal plane 416 of the 1-D ZPM array 414. 
The imaging lens assembly 412 is arranged in such away 
that the primary focal plane 416 of the ZPM array 414 is at 
the conjugate plane of the intermediate image plane 423. 
Therefore, the light spots formed on the primary focal 
plane 416 by the ZPM array 414 are imaged onto the in- 



termediate image plane 423 by the imaging lens assembly 
412 with a predetermined magnification. 

[0121] The waves reflected by the ZPM array 414, on the other 
hand, converge to a focused line on the strip mirror 410. 
Here, the strip mirror 410 serves both as a wave folding 
mirror and a zeroth-order stop. It blocks the reflected 
waves and prevents these waves from reaching the imag- 
ing surface. Optionally, an 1-D high-order diffraction 
aperture stop 422 is placed in front of the intermediate 
image plane 423 to filter out higher, except the first, or- 
der diffractions allowing only the first-order diffracted 
waves to pass through. The image formed on the imaging 
surface 418 is 1-D spot array with the intensities of indi- 
vidual light spots being modulated by the pattern data 
sent to the 1-D ZPM array 414. 

[0122] A subfield scanning means 428 scans the light spots in 

the y-direction to fill in the spaces between the light spots 
in the 1-D spot array, forming a complete line image on 
the imaging surface 418. The subfield scanning means 
428 may be a scanning mirror, a rotating mirror, or a 
movable lens assembly having a predetermined magnifi- 
cation. 

[0123] A complete 2-D large-field high-resolution pattern is 



formed by scanning the imaging surface 418 via a mov- 
able stage 420 in the x-direction, one line at a time, until 
all line images are generated. The position of the movable 
stage 420 and the position of the scanning means 428 are 
all synchronized with the frame data sent to the ZPM array 
414 by a control circuitry 424. An optical viewer 421 can 
be used for monitoring and assisting in the proper posi- 
tion or alignment of the imaging surface 418. 

[0^24] In another embodiment, the ZPM array 414 in FIG. 15 is a 
staggered 2-D ZPM array. With a staggered 2-D ZPM ar- 
ray, an 1-D spot array with much higher linear spot den- 
sity can be generated. By properly choosing the shifting 
distance between the rows of ZPM elements, a staggered 
array can eliminate the need of the subfield scanning 
means. Accordingly, a complete 2-D high-resolution pat- 
tern is generated by scanning the imaging surface 418 
only in the x-direction with a properly formatted pattern 
data by taking into account of the row shifts in the stag- 
gered 2-D ZPM array 414. 

[0125] The embodiments according to the present invention can 
be adapted to various applications by changing the imag- 
ing surface and the stage holding the imaging surface. By 
way of examples, FIG. 16 shows an optical printer incor- 



porating the embodiment of FIG. 15 of the present inven- 
tion. In general, optical printers are widely used for print- 
ing texts and graphics on papers and transparencies. Op- 
tical printers are also used by printing press to generate 
offset printing plates. In FIG. 16, a rotating drum assem- 
bly 432 is provided for holding and scanning a printing 
medium 430 comprising photoconductive materials. Each 
complete line image generated by the high-resolution 
pattern generating system 400 creates a latent line image 
434 along the y-direction on the printing medium 430. 
The generation of the line image and the rotation of the 
drum assembly 432 are synchronized by the control cir- 
cuitry 424 to form a 2-D latent image on the printing 
medium 430. Those skilled in the art to which the present 
invention pertains will recognize that a complete optical 
printing system may also includes other complex arrange- 
ments for printing medium preparation, toner handling, 
and pager handling, etc. As such arrangements are well- 
known in the art, a detailed description of these arrange- 
ments are not presented here. 
[0126] FIG. 17 shows an optical data storage and retrieval system 
incorporating the embodiment of FIG. 15. In general, opti- 
cal data storage and retrieval relates to placing informa- 



tion, consisting of data marl<s and spaces, onto tlie sur- 
face of an optical recording medium so tliat, wlien a light 
beam scans the surface, the reflected light can be used to 
recover the information. The system shown in FIG. 17 in- 
cludes an in-plane rotating platen 440 comprising a layer 
of optical recording medium 442. One or more of the 
characteristics of the optical recording medium are 
changed by the light beams. Such optical recording 
medium includes phase-changing materials, dye- 
polymers, and magneto-optical materials. 

[0127] For clarity, only the propagation direction of light waves 
during playback phase are marked with arrows. Each light 
spot in the spot array is aligned with one circular or spiral 
data track on the platen. Alternatively, each light spot in 
the spot array is used to scan across a number of circular 
data tracks, one track at a time. 

[0128] During the writing or recording phase, the image 444 

generated by the high-resolution pattern generating sys- 
tem 400 is a line of light spots. The intensities of the light 
spots are set at a predetermined high power level above 
the threshold value of the recording medium, and are ca- 
pable of modifying one or more characteristics of the 
recording medium. As the platen rotates, the intensities of 



the light spots are modulated by the ZPM array 414 ac- 
cording to the data, therefore storing the digital informa- 
tion onto the optical recording medium bit-by-bit. 
[0129] During the reading or playback phase, the intensities of 
the light spots are set at a predetermined lower power 
level below the threshold value of the recording medium. 
The light spots are used to illuminate the bits on the 
recording medium without modifying them. The way the 
data are read back is very similar to the SCM in FIG. 8. The 
intensities of the lights reflected off the bits are modu- 
lated by the data marks and spaces on the recording 
medium 442. The reflected light waves travel backward 
through scanning assembly 428, pass through the high- 
order aperture stop 422 and the imaging lens assembly 
412, and then reach the ZPM array 414. The ZPM elements 
in the ZPM array 414 are configured into the second con- 
figuration as phase zone plates, and collimate the waves 
reflected by the bits on the recording medium into parallel 
waves 413. 

[0130] After passing the imaging lens assembly 412 again, these 
parallel waves converge onto a folding mirror 410, rotate 
their propagation direction by 90 degrees at the folding 
mirror 410, and then are re-collimated into parallel waves 



407 by the lens assembly 408. The re-col 11 mated waves, 
after being turned 90 degrees by a beam splitter 434, are 
imaged onto a detecting means 440. The detecting 
means, such as a CCD camera, is at the conjugate plane of 
either the front surface or the primary focal plane 416 of 
the ZPM array 414. A confocal aperture 438 is positioned 
at a distance from the imaging lens assembly 436 of 
about a focal length of the imaging lens assembly 436. As 
the platen rotates, the detecting means converts the opti- 
cal information recorded on the recording medium into 
electrical signal. 

[0131] Additionally, the recording platen 440 of the optical data 
storage and retrieval system in FIG. 17 may comprise a 
plurality of layers of recording medium. The confocal na- 
ture of the optical data storage and retrieval system in 
FIG. 17 makes it possible to discern depth information or 
data bits on each layers of the recording medium in both 
the recording and playback modes. Such an arrangement 
dramatically increase data storage density. 

[0132] Shown in FIG. 18 is a system for forming 3-D images or 
objects incorporating the embodiment of FIG. 6 of the 
present invention. This type of applications is referred to 
as stereolithography (SL) and carries a variety of names 



such as 3-D layering, rapid prototyping, or solid imaging. 
The idea is to build a 3-D object layer- by- layer optically. 
The stereolithography process starts with a 3-D com- 
puter-aided design (CAD) drawing. Special computer soft- 
ware slices the 3-D data into layers of 2-D patterns. Then 
the 2-D pattern data are used to build 2-D layers on 
photo-modifiable materials. Suitable photo-modifiable 
materials for this type of applications include 1) pho- 
topolymers, which can be cross-linked by ultraviolet light 
to form a solid, and 2) certain type of metals and ceram- 
ics, the particles of which can be melted or fused together 
by intense light beams. 
[0133] The illustration shown in FIG. 18 is a stereolithography 

system using photopolymers. A holding tank 450 capable 
of moving in x-y-z directions is provided for holding 
photopolymer 452 in liquid form. The ZPM array 218 gen- 
erates a spot array at an intermediate image plane 454. 
The intensities of individual light spots in the spot array 
are modulated by the frame data sent to the ZPM array 
218 through a control circuitry 220. A subfield scanning 
assembly 456 relays the spot array on the intermediate 
image plane 454 onto a plane at the photopolymer 452 
with a predetermined magnification, and scans the spot 



array along the x-y plane to cross-link the photopolymer 
452, one layer at a time. After one layer is produced, the 
photopolymer is repositioned to expose another refresh 
layer of photopolymer liquid for cross-linking next layer 
until a 3-D object is completely built. The subfield scan- 
ning assembly 456 may comprise one or more lenses, 
shifting lenses, and/or scanning mirrors. 
[0134] ||_ Direct Pattern generating systems incorporating ZPM 
arrays 

[0135] Besides being used as spot array generators, ZPM arrays 
can further be incorporated into pattern generating sys- 
tems in which the individual ZPM elements themselves, in- 
stead of their focal points, of a ZPM array are used to di- 
rectly form the fundamental image pixels of the image on 
the imaging surface. In such systems, referred to as direct 
pattern generating systems herein, the ZPM elements are 
either reflectors where the reflected waves are used to 
represent the information or diffractors where the 
diffracted waves are used to represent the information. 
The optical efficiency of ZPM elements is approaching 
100% in either case. The pattern generating systems are 
arranged in a bright field configuration when the ZPM ele- 
ments are used as reflectors. Whereas, the pattern gener- 



ating systems are arranged in a dark field configuration 
wlien the ZPM elements are used as diffractors. In addition 
to the high optical efficiency, ZPM arrays provide many 
other advantages including faster response time and 
higher bandwidth in comparison to conventional art such 
as liquid crystal display panels and rotating digital mi- 
cromirror arrays. 

[0136] The direct pattern generating systems disclosed here in 
accordance with the present invention can be configured 
for various applications including 2-D/3-D maskless 
lithographic system, optical printing system, optical 
recording system, projection display system, direct view- 
ing system, and systems for surface modification/treat- 
ment/imprinting. Only examples of display systems incor- 
porating ZPM arrays are illustrated hereon, and should not 
be considered as limitations. 

[0137] Now referring to FIG. 19, one embodiment of a projection 
display system in accordance with the present invention is 
illustrated. The projection display system includes a ZPM 
array 514 that is used as a diffractor array. Light waves 
generated by a light source 502 are collimated by a colli- 
mating lens assembly 506. Optionally, a reflector 504 is 
placed behind the light source 502 to increase the collect- 



ing efficiency of the light source. The collimated light 
waves 507 converge to a folding mirror 510, after passing 
through a lens assembly 508. The folding mirror 510 is 
placed at a distance from an imaging lens assembly 512 
of about a focal length (fl) of the imaging lens assembly. 
The folding mirror 510, inclined at a 45 degree angle to 
the optical axis of the illumination system, rotates the 
propagation direction of the illumination waves by 90 de- 
grees. The 45 degree inclination angle of the folding mir- 
ror 510 is chosen here for convenience of the illustration 
and should not considered as limitation. 
[0138] After leaving the folding mirror 510, the illumination 

waves diverge and are re-collimated by the imaging lens 
assembly 512. The re-collimated light waves illuminate 
the ZPM array 514 in the normal direction of the ZPM ar- 
ray. Light waves reflected from the ZPM array 514 con- 
verge to the folding mirror 510 after passing through the 
imaging lens assembly 512. The folding mirror directs the 
reflected lightwaves towards the light source 502, pre- 
venting them from reaching a projection screen 518. It is 
easy to see that the folding mirror 510 in the arrangement 
of FIG. 19 serves two purposes. It functions as a folding 
mirror to rotate the illumination waves 507. It also acts as 



a stop to block the reflected waves, and prevents them 
from reaching the projection screen 518. 

[0139] Light waves 515 diffracted by the ZPM array 514 go 

around the folding mirror 512 and propagate towards the 
projection screen 518. The imaging lens assembly 512 is 
positioned in such a way that the front surface of the ZPM 
array 514 and the projection screen 518 are at conjugate 
positions. Therefore, the ZPM elements, serving as image 
pixels, are imaged directly onto the projection screen 518 
by the imaging lens assembly 512. Here the imaging lens 
assembly 512 serves both as a collimating lens in the di- 
rection of the illumination, and as an imaging lens in the 
direction of diffracted waves. The imaging lens assembly 
512 and the stop 510 constitute a telecentric dark field 
(Schlieren) imaging system. The intensities of light waves 
515 diffracted by the ZPM array 514 are modulated by the 
ZPM array according to the pattern data through a control 
circuitry 516. Accordingly, a pattern or an image is pro- 
jected on to the projection screen for viewing. 

[0140] For 2-D or 3-D maskless lithography applications, the 
projection screen 518 is replaced by a substrate layered 
with materials sensitive to the illumination waves. For op- 
tical printer, the projection screen 518 is replaced by an 



optical printing medium. For optical data storage and re- 
trieval applications, the projection screen 518 is replaced 
by an optical recording medium. An optical viewer 519 
can be used for monitoring and assisting in the proper 
position or alignment of the substrate for lithographic ap- 
plications. 

[0141] FIG. 20 shows an embodiment of a bright field projection 
display system. In comparison to FIG. 19, the folding mir- 
ror 520 is placed near the focal point, but off the optical 
axis of the imaging lens assembly 512. Accordingly, the 
ZPM array 514 is illuminated through an off-axis illumi- 
nation method. A high-order aperture stop 522 is also 
placed off-axis at a distance behind the imaging lens as- 
sembly 512 of about the focal length (fl) of the imaging 
lens assembly. The high-order aperture stop 522 is basi- 
cally a plate having a hole of predetermined diameter, and 
only allows reflected or the zeroth-order diffracted waves 
to pass through. 

[0142] After passing through the imaging lens assembly 512, 
Light waves 521 reflected from the ZPM array 514 con- 
verge at the high-order aperture stop 522, go through the 
hole, and then reach the projection screen 518. On the 
other hand, light waves diffracted by the ZPM array, after 



passing through the imaging lens assembly, are blocked 
by the high-order aperture stop 522. The intensities of 
light waves 521 reflected by the ZPM array 514 are modu- 
lated by the ZPM array 514 according to the pattern data 
through a control circuitry 516. Accordingly, a pattern or 
an image is projected on to the projection screen for 
viewing. 

[0143] The embodiment shown in FIG. 21 is a bright field direct 
viewing system with an off-axis illumination. In compari- 
son to the embodiment in FIG. 20, the direct viewing sys- 
tem adds a second imaging lens assembly 524, while 
eliminating the projection screen. The second imaging 
lens assembly 524 is placed at a distance behind the 
high-order aperture stop 522 of about the focal length 
(f2) of the second imaging lens assembly 524. Therefore, 
the distance between the first imaging lens assembly 512 
and the second imaging lens assembly 524 is about the 
sum of the focal length fl and f2. Light waves reflected 
from the ZPM array 514, after passing through both the 
first imaging lens assembly 512 and the second imaging 
lens assembly 524, remain collimated, and can be viewed 
directly by an observer 526. 

[0144] Color projection display/viewing systems can be config- 



ured using one or more ZPM arrays. It should be noted 
that the operation of a ZPM is wavelength dependent. Now 
referring to FIG. 2 briefly. For a ZPM in a first configura- 
tion (FIG. 2b) where the distance between the first zone 
plate 142 and the second zone plate 144 is mX/2, the ZPM 
reflects the illuminating plane wavefront 154 as plane 
waves 156 just like a mirror. In a second configuration 
(FIG. 2c) where the distance between the first zone plate 
142 and the second zone plate 144 is (m/2 + l/4)X, the 
ZPM focuses the illuminating plane wavefront 154 into a 
series of focal points 158 just like a reflective phase zone 
plate. As the wavelength X is changed, the condition for 
the first configuration (CI) and the second configuration 
(C2) are changed accordingly. 
[0145] Illumination systems for color projection display/viewing 
systems can be arranged in different ways. For example, a 
single broadband light source, such as a short-arc high- 
pressure lamp, can be used together with a color wheel to 
generate colored illuminations. The rotation of the color 
wheel is synchronized with the frame data of individual 
color images. Another way to generate multiple colors 
from a single light source is to use several dichroic mir- 
rors. It is well known in the optical art that dichroic mir- 



rors can be used to selectively reflect or transmit light 
waves having a predetermined wavelength. Alternatively, 
separate light sources, one for each color, can be used to 
generate multiple colors. 
[0146] FIG. 22 shows an embodiment of a color projection dis- 
play system incorporating a single ZPM array in a dark 
field configuration and with a single broadband light 
source. In comparison to the embodiment of the projec- 
tion display system in FIG. 19, the color projection display 
system in FIG. 22 adds a color wheel 530 having three 
color portions (R, G, B). The operation of the ZPM array 
514 now includes three sets of configurations, one for 
each color (CIR and C2R, GIG and C2G, GIB and G2B). 
The ZPM array modulates the intensities of diffracted 
waves according to the color image data with appropriate 
color configuration settings. For example, to generate a 
green color image, the ZPM array modulates the intensi- 
ties of diffracted waves according to the green color im- 
age data using the green color configuration settings (GIG 
and G2G), and at the same time, the green portion of the 
color wheel is positioned in the illumination path. The op- 
eration of the ZPM array 514 is synchronized with the ro- 
tation of the color wheel 530 through the control circuitry 



516. Therefore a full color image is projected on the pro- 
jection screen 518 with a predetermined magnification. 

[0147] FIG. 23 shows an embodiment of a color projection dis- 
play system incorporating three ZPM arrays, one opti- 
mized for each colors (R, G, B), according to the present 
invention. The color projection display system is config- 
ured with a bright field arrangement and an off-axis illu- 
mination system. Light waves are generated by a broad- 
band light source 552. A reflector 554 behind the light 
source increases the collecting efficiency of the light 
source. A collimating lens assembly 556 collimates the il- 
lumination waves. After passing through a lens assembly 
558, the illumination waves converge onto a folding mir- 
ror 560 which is inclined at a 45 degree angle to the opti- 
cal axis of the illumination system. The folding mirror 560 
is placed near, but off the optical axis of an imaging lens 
assembly 562, and rotates the propagation direction of 
the illumination waves by 90 degrees. The illumination 
waves are re-collimated by the imaging lens assembly 
562. The collimated illumination waves then pass through 
two dichromatic mirrors. 

[0148] The first dichroic mirror 564R reflects red light towards 

the first ZPM array 566R, and allows green and blue lights 



to pass through. The second dichroic mirror 564G reflects 
green light towards the second ZPM array 566G, and al- 
lows blue light to pass through. The blue light waves, af- 
ter passing the two dichroic mirrors, illuminate the third 
ZPM array 566B. The three ZPM arrays are positioned at a 
substantially equal distance to the imaging lens assembly 
562. Therefore, the front surfaces of all three ZPM arrays 
are at the conjugate planes of the projection screen 572. 
The light waves reflected from the three ZPM arrays 566R, 
566C, and 566B recombine through the two dichroic mir- 
rors 564R and 564C, and are imaged onto the projection 
screen 572. A control circuitry 570 sends separate RGB 
frame data to the three ZPM arrays cooperatively. There- 
fore a full color image is projected on the projection 
screen 572 for viewing. Alternatively, an illumination sys- 
tem comprising three separated light sources, such as 
red, green, and blue color light-emitting diodes (LED), 
may be used to illuminate the three ZPM arrays. 
[0149] FIG, 24 shows an embodiment of a color projection dis- 
play system incorporating three 1-D ZPM arrays, one opti- 
mized for each colors (R, G, B), according to the present 
invention. Similar to the embodiment in FIG. 23, the color 
projection display system in FIG. 24 is also configured 



with a bright field arrangement and with an off-axis illu- 
mination system. Light waves are generated by a broad- 
band light source 652. A reflector 654 behind the light 
source increases the collecting efficiency of the light 
source. A collimating lens assembly 656 collimates the il- 
lumination waves. A cylindrical lens assembly 658, placed 
behind the collimating lens assembly 656, has refractive 
power only in one axis (the x-direction according the co- 
ordinate convention as shown in FIG. 24), and causes the 
symmetrically collimated waves 657 to converge in the x- 
direction, and remain collimated in the y-direction. The 
cylindrical lens assembly 658 therefore transforms the 
symmetrically collimated waves 657 into a focused line on 
a strip mirror 660. 

[0150] The strip mirror 660 is aligned in y-axis, on the optical 

axis of the illumination system, and is inclined at a 45 de- 
gree angle to the optical axis of the illumination system. 
The strip mirror 660 is placed near, but off the optical 
axis of an imaging lens assembly 662, and rotates the 
propagation direction of the illumination waves by 90 de- 
grees. The illumination waves are re-collimated by imag- 
ing lens assembly 662. 

[0151] The collimated illumination waves are separated into three 



colors in a similar way to the embodiment in FIG. 23. The 
first dichroic mirror 664R reflects red light towards the 
first 1-D ZPM array 666R, and allows green and blue 
lights to pass through. The second dichroic mirror 664G 
reflects green light towards the second 1-D ZPM array 
666G, and allows blue light to pass through. The blue 
light waves, after passing the two dichroic mirrors, illumi- 
nate the third 1-D ZPM array 666B. All three 1-D ZPM ar- 
rays are aligned in y-axis and are properly positioned to 
receive the asymmetrical illumination waves. The three 
1-D ZPM arrays are positioned at a substantially equal 
distance to the imaging lens assembly 662. Therefore, the 
front surfaces of all three 1-D ZPM arrays are at the con- 
jugate planes of the projection screen 672. The light 
waves reflected from the three 1-D ZPM arrays 666R, 
666G, and 666B recombine through the two dichroic mir- 
rors 664R and 664G, and are imaged onto the projection 
screen 672 as line images of respective colors with a pre- 
determined magnification. 
[0152] To form a 2-D color image onto the projection screen 

672, a scanning means 675 is inserted in the optical path 
between the imaging lens assembly 662, and the projec- 
tion screen 672. The scanning means 675 comprises a 



scanning mirror 674 and a drive unit 678. Tlie scanning 
mirror 674 rotates about an axis 676 tlirougli the drive 
unit 678 as indicated by the arrow A . As the scanning 
mirror 674 rotates, the line image scans up and down the 
projection screen 672 linearly, as indicated by the arrow 
B, to generate sequential line images. The scanning mirror 
674 scans at a sufficient rate so that these sequential line 
images appear to be a 2-D image to the viewer. A control 
circuitry 670 sends separate RGB frame data to the three 
1-D ZPM arrays cooperatively, and also synchronize the 
scanning means 675 with the modulations of the three 
1-D ZPM arrays. Therefore a full color image is projected 
onto the projection screen 672 for viewing. Those skilled 
in the art the present invention pertains to will recognize 
that there are many ways to scan optical images. For ex- 
ample polygon scanning mirror is another way to scan the 
line images. 

[0153] While examples of pattern generating systems in accor- 
dance with the present invention have been described 
with reference to arrays comprising reflective zone plate 
modulators, those skilled in the optical art will recognize 
that the principles of the present invention may be em- 
bodied in systems incorporating arrays comprising trans- 



missive zone plate modulators. One type of transmissive 
zone plate modulators was disclosed by Toshio Naiki (US. 
Pub. No. 2002/0071172, filed on December 12, 2001, 
published on January 13, 2002), where acoustic waves 
were used as a modulation means. 
[0154] As illustrated in FIG. 25, a transmissive zone plate modu- 
lator 700 comprises a pair of complementary zones, the 
odd zones 702 and the even zones 704. Both types of the 
zones are transparent to the illumination waves 706. The 
modulation is done by changing the optical path differ- 
ence A = n t - n t between the odd zones and the 

2 2 11 

even zones by changing one or more of these parameters, 
n , f , n , and t , where n and t are the index of re- 

1 1 2 2 11 

fraction and layer thickness of the odd zone materials, 
and n and t are the index of refraction and layer thick- 

2 2 ^ 

ness of even zone materials. Accordingly, when illumi- 
nated with a plane wavefront 706, the transmissive zone 
plate modulator 700 diffracts and focus the illumination 
wavefront 706 into a series of focal points 708, 710 along 
the optical axis of the zone plate modulator when the A = 
(m/2 + 1/2)X, and transmits the illumination wavefront 
undisturbed 712 when A = m/2 X, where m is an integer, 
X is the wavelength of the illumination place wavefront. 



For any other value of A, the transmitted waves are a mix- 
ture of focusing waves 708, 710 and undisturbed waves 
712. 

[0155] A pattern generating system incorporating an array of 
transmissive zone plate modulators is illustrated in FIG. 
26, which is similar to the system in FIG. 7 in most as- 
pects. The major difference is that an array 720 of trans- 
missive zone plate modulators is placed in between the 
collimating lens assembly 204 and the imaging lens as- 
sembly 214. The positions of the collimating lens assem- 
bly 204 and the light source 202 are re-arranged accord- 
ingly so that the array 720 of transmissive zone plate 
modulators is illuminated properly. 

[0156] While the present invention has been in terms of a pre- 
ferred and some other specific embodiments, and in 
terms of some specific examples and applications, it will 
be clear that this invention is not limited to these specific 
examples and embodiments, and various modifications or 
changes in light thereof will be obvious to persons skilled 
in the art and are to be included within the spirit and 
purview of this application. 



